Off-target adverse drug reactions (ADRs) are associated with significant morbidity and costs to the healthcare system, and their occurrence is not predictable based on the known pharmacological action of the drug's therapeutic effect. Off-target ADRs may or may not be associated with immunological memory, although they can manifest with a variety of shared clinical features, including maculopapular exanthema, severe cutaneous adverse reactions (SCARs), angioedema, pruritus and bronchospasm. Discovery of specific genes associated with a particular ADR phenotype is a foundational component of clinical translation into screening programmes for their prevention. In this review, genetic associations of off-target drug-induced ADRs that have a clinical phenotype suggestive of an immunologically mediated process and their mechanisms are highlighted. A significant proportion of these reactions lack immunological memory and current data are informative for these ADRs with regard to disease pathophysiology, therapeutic targets and biomarkers which may identify patients at greatest risk. Although many serious delayed immune-mediated (IM)-ADRs show strong human leukocyte antigen associations, only a small subset have successfully been implemented in screening programmes. More recently, other factors, such as drug metabolism, have been shown to contribute to the risk of the IM-ADR. In the future, pharmacogenomic targets and an understanding of how they interact with drugs to cause ADRs will be applied to drug design and preclinical testing, and this will allow selection of optimal therapy to improve patient safety.
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Introduction
Adverse drug reactions (ADRs) have been reported to affect 10-20% of hospitalized patients and up to 25% of outpatients, and are a major burden on the healthcare system globally [7] [8] [9] . An ADR has been defined as an unintended response to a drug that occurs at standard doses used in the treatment or prevention of a specific disease [10] . There is a need to understand both patient-and drugrelated risk factors and mechanisms that contribute to these diverse reactions. In 1977, Rawlins and Thompson [11] classified ADRs into two major types: type A and type B. Type A reactions are common (>1% of patients taking the drug) and have predictable pharmacological side effects that are consistently dose dependent. Type B reactions are generally uncommon (<1% of patients taking the drug) and are unpredictable based on the known pharmacological action of the drug. These reactions may be directly immunologically mediated in a dose-independent or -dependent manner, related to an off-target interaction with a pharmacological receptor or to an as-of-yet unknown mechanism [11] . Much has been discovered about mechanisms of ADRs over the last 15 yearsin particular, the fact that host (e.g. pharmacogenomic) and ecological factors are both closely related and contribute to ADR risk. Therefore, we can now construct a classification that differentiates ADRs based on whether they are related to primary on-target pharmacological effects or by off-target effects at distant receptors. Indeed, both type A (a type of 'ontarget' reaction) and type B ('off-target') reactions may depend on dose and genetic factors, and new discoveries have now elucidated that 'on-target' and 'off-target' reactions alike may be predictable based on host (pharmacogenomics) and ecological risk factors ( Figure 1 ) [12, 13] .
Immune-mediated (IM) ADRs are considered as off-target reactions and comprise <20% of all ADRs. These reactions were further classified by Gell and Coombs [14] , including Type I-III reactions, which are antibody dependent (with or without T cell help), and Type IV reactions, which are delayed, purely T cell-mediated reactions. Type I reactions are immediate, IgE-mediated reactions, usually occurring within 1 h after drug administration, and mainly cause urticaria, angioedema, bronchospasm, pruritus and anaphylaxis [15] . Penicillin allergy is an example of a type I ADR commonly seen in clinical practice. Type IV reactions are mediated by drug-reactive T lymphocytes and include clinical phenotypes that range from maculopapular exanthema to severe cutaneous adverse reactions (SCARs) such as Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS/TEN), acute generalized exanthematous pustulosis, and drug reaction with eosinophilia and systemic symptoms (DRESS). Single-organ involvement pathologies, such as drug-induced liver disease (DILI), drug-induced pancreatitis and drug-induced agranulocytosis, also comprise immunologically mediated reactions, as evidenced by strong human leukocyte antigen (HLA) associations. Of note, however, and particularly relevant to DILI, toxic mechanisms may also play a significant role [16] . Statins cause a dose-dependent inflammatory myopathy that is more common in the statins metabolized by cytochrome P450 (CYP) 3A4 and patients on inhibitors of CYP3A4. Statin treatment reduces ubiquinone in skeletal muscle and decreases mitochondrial oxidative phosphorylation, which may be part of the pathogenesis. The organic anion transporting polypeptide 1B1 (OATP1B1) that is encoded by the solute carrier transporter 1B1 (SLCO1B1) gene is involved in the hepatic uptake of most statins. A common variant in this SLCO1B1 gene increases the risk of simvastatin myopathy. Rarely, an autoimmune myopathy can occur with statins, evidenced by autoantibodies against 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase and myocyte necrosis on biopsy [17] . HLA-DRB1*11:01 is associated with statin autoimmune myopathy and is also associated with the development of HMG-CoA reductase antibodies, even in those without clinical disease [17] . Abacavir (ABC) hypersensitivity syndrome and carbamazepine (CBZ)-induced SJS/TEN are the best characterized CD8+ T-cell-mediated ADRs and have significant HLA associations (Table 1 ) [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . In addition to these IM-ADRs that utilize the adaptive immune system and vary with regard to the longevity of immunological memory, there is a separate entity of off-target reactions that are termed 'pseudo-allergic' as they share some clinical features with type I-mediated allergy, causing urticaria or pruritus, for example, via mechanisms of non-IgE-mediated mast cell activation. In the present review, we discuss what is known about the pharmacogenomics of different types of off-target drug reactions and opportunities for the translation of pharmacogenomics markers into clinical practice.
Reactions lacking immunological memory
Reactions with an off-target pharmacological and/or immunological component
Reactions with an off-target pharmacological or immunological component may present clinically as urticaria, angioedema and respiratory symptoms classically associated with adaptive immune responses. However, these reactions are not mediated through a primary adaptive immunological mechanism, are not associated with a longlasting immunological memory and lack the classical clinical features linked to ADRs associated with immunological Figure 1 Classification of adverse drug reactions. Adverse drug reactions can be classified according to their on-target vs. off-target interactions between the drug and cellular components. Contrary to previous belief, both on-target and off-target effects can demonstrate concentration-exposure relationships that may differ between individuals based on acquired or genetic host factors. The interaction between the drug and the target may relate to both the dose and/or duration of treatment. The classical description of on-target reactions is an augmentation of the known primary therapeutic and pharmacological action of a drug (e.g. bleeding related to warfarin), and off-target effects can occur by mechanisms that are both directly immune mediated and associated with immunological memory of varied duration (drug allergy), and mechanisms without a direct immunological effect and without immunological memory that may have an 'immunological phenotype'. These latter reactions are often mediated through a pharmacological interaction (e.g. aspirin-exacerbated respiratory disease or the non-IgE-mediated mast-cell activation seen with fluoroquinolones and opioids). Off-target reactions that result from a primary pharmacological interaction are often dose dependent, whereas immunologically mediated off-target reactions associated with immunological memory can be both dose dependent (T-cell-mediated reactions) or dose independent (recognition and amplification of small amounts of antigen in the case of IgE-mediated reactions). Predisposition to both on-target and off-target reactions is driven not only by genetic variation, but also by ecological factors that can vary over the course of an individual's lifetime (adapted from Phillips [13] and White et al. [86] ). ADR, adverse drug reaction; ADME, absorption, distribution, metabolism, and excretion; HLA, human leukocyte antigen; pharmacodynamics; pharmacogenomics; PK, pharmacokinetics (Continues)
memory. In many instances, the primary interaction is between the drug and a pharmacological receptor.
Non-IgE-mediated mast cell activation. IgE-independent activation of mast cells occurs most notably from drugs such as vancomycin, opioids, fluoroquinolones and neuromuscular blocking agents, and may result in anaphylaxis-like reactions without evidence of IgE crosslinking. They also occur without evidence of prior drug sensitization, which is necessary for IgE antibodydependent reactions [13] . Mechanisms involved in non-IgEmediated mast cell degranulation ADRs historically are poorly understood but several new discoveries have occurred, including the human G-protein coupled receptor (GPCR) gene encoding mas-related GPR family member X2 (MrgprX2) [33, 34] . MrgprX2 is uniquely expressed by connective tissue mast cells. The binding of a specific shared chemical motif, tetrahydroisoquinolone (THIQ), which is on ligands known collectively as basic secretagogues (including inflammatory peptides such as substance P, 48/40, fluoroquinolones, neuromuscular blocking agents, opioids), to MrgprX2 induces mast cell degranulation in a concentration-dependent manner. Prevention of reactions can occur with dose reduction. This discovery may serve a role in the future prediction of side effects associated with systemic pseudo-allergic reactions, and identifies MrgprX2 as a potential therapeutic target. Some drugs that cause nonIgE-mediated mast cell activation (e.g. vancomycin; LOE [PharmGKB ( [154] [155] [156] [157] )]: Level 1a = annotation for a variant-drug combination in a Clinical Pharmacogenetics Implementation Consortium (CPIC) or medical society-endorsed pharmacogenomics guideline, or implemented at a Pharmacogenomics Research Network (PGRN) site, or in another major health system; Level 1b = annotation for a variant-drug combination in which the preponderance of evidence shows an association. This association must be replicated in more than one cohort with significant P-values and preferably with a strong effect size; Level 2a = annotation for a variant-drug combination that qualifies for level 2b, in which the variant is within a very important pharmacogene (VIP), as defined by PharmGKB, where their functional significance is more likely known; Level 2b = annotation for a variant-drug combination with moderate evidence of an association. This association must be replicated but there may be some studies that do not show statistical significance, and/or the effect size may be small; Level 3 = annotation for a variant-drug combination based on a single significant (not yet replicated) study or annotation for a variant-drug combination evaluated in multiple studies but lacking clear evidence of an association; Level 4 = annotation based on a case report, nonsignificant study, in vitro, molecular or functional assay evidence only. ACE, angiotensin-converting enzyme; AERD, aspirin-exacerbated respiratory disease; ALOX5, arachidonate 5-lipoxygenase; ALOX15, arachidonate 15-lipoxygenase; B2BKR, B2 bradykinin receptor; BSPMA, bradykinin/substance Pmediated angioedema; CCHCR1, coiled-coil alpha-helical rod protein 1; CCR3, c-c chemokine receptor type 3; COX, cyclo-oxygenase; CYP, cytochrome P450; CYSLTR1, cysteinyl leukotriene receptor 1; DHR, drug hypersensitivity reaction; DIHS, drug-induced hypersensitivity syndrome; DILI, drug-induced liver disease; DPB, human leukocyte antigen DPB; DRB, human leukocyte antigen DRB; DRESS, drug reaction with eosinophilia and systemic symptoms; DQB, human leukocyte antigen DQB; EM, extensive metabolizer; ETV6, ETS variant 6; FA, fast acetylator; HLA, human leukocyte antigen; HSS, hypersensitivity syndrome; IgE, immunoglobulin E; LHMA, leukotriene/histamine-mediated angioedema; LOE, levels of evidence; LTC4S, leukotriene C4 synthase; MME, membrane metalloendopeptidase; MPE, maculopapular exanthema; NA, not applicable; NERD, NSAID-exacerbated respiratory disease; NNT, number needed to treat; NPV, negative predictive value; NSAID, nonsteroidal anti-inflammatory drug; PPV, positive predictive value; PKCθ, protein kinase C theta; PTGDR, prostaglandin D2 receptor; PTGER, prostaglandin E receptor; SA, slow acetylator; SJS/TEN, Stevens-Johnson syndrome/toxic epidermal necrolysis; SM, slow metabolizer; TBXA2R, thromboxane A2 receptor; TSLP, thymic stromal lymphopoietin; UM, ultrarapid metabolizer; XPNPEP2, x-linked X-prolyl aminopeptidase 2 *Associated with immunological memory but responses are not maintained over time (loss of skin test reactivity) [105, 106] personal communication, Dong, unpublished) are not known to interact with the MrgprX2, and the specific mechanism through which vancomycin and some other drugs cause this reaction is currently unknown.
Aspirin-exacerbated respiratory disease (AERD). AERD is characterized by asthma and chronic rhinosinusitis with nasal polyposis that is worsened by exposure to nonsteroidal anti-inflammatory drugs (NSAIDs), including aspirin and other nonselective cyclooxygenase (COX) inhibitors [35] . The prevalence among asthmatics is much higher in adults than in children (21 vs. 5% by oral provocation testing). In one study, AERD was estimated to be present in 4.3-11% of adult asthmatics [36] , but in 34% of asthmatics who also have nasal polyposis and chronic rhinosinusitis [37] . In a study of 300 patients in the USA, the female-to-male ratio was found to be 3:2 [38] . There is no predilection for AERD based on race, ethnicity or family history [38] . COX-1 is the enzyme responsible for the production of prostaglandins (PGs) from arachidonic acid. PGE 2 binds to receptors in the lung, causing smooth muscle relaxation and a decrease in the release of leukotrienes from mast cells; this causes bronchoconstriction and inflammatory cell recruitment. NSAID-mediated inhibition of COX-1 prevents the production of PGE 2 , which ultimately causes a shift in the response to increased production of leukotrienes, and increased symptoms common in AERD. Genetic predictors of these reactions to aspirin, and NSAIDs more broadly, have been examined and belong to the arachidonic acid pathway [the genes encoding arachidonate 5-lipoxygenase (ALOX5), leukotriene C4 synthase (LTC4Si), the thromboxane A2 receptor (TBXA2R), prostaglandin E receptor 4 (PTGER4)], the membrane-spanning 4A gene family, the histamine production pathway and the proinflammatory cytokines [tumour necrosis factor (TNF), transforming growth factor beta 1 (TGFB1), interleukin 18 (IL-18)] [39, 40] . In addition, recent genome-wide association studies (GWAS) have identified the genes encoding centrosomal protein 68 (CEP68) and HLA-DPB1 as the strongest candidates associated with AERD [41, 42] .
NSAID-induced or -exacerbated urticaria/angioedema. Separate from AERD, aspirin and other NSAID drugs are known to cause cutaneous hypersensitivities, including NSAIDexacerbated urticaria/angioedema (as a form of chronic urticaria) and isolated or cross-reactive NSAID-induced urticaria/angioedema [43] . HLA genes (HLA-DRB1*11, HLA-B44, HLA-Cw5) and arachidonic acid pathway genes [ALOX5, and the genes encoding ALOX5-activating protein (ALOX5AP), arachidonate 15-lipoxygenase (ALOX15), thromboxane A synthase 1 (TBXAS1), prostaglandin D2 receptor (PTGDR), and cysteinyl leukotriene receptor 1 (CYSLTR1)] have been identified as predictors of these immune-mediated dermatological NSAID drug reactions [40, [44] [45] [46] [47] [48] . A current theoretical understanding suggests that patients with these underlying variants are predisposed to an imbalance of proinflammatory vs. anti-inflammatory arachidonic acid metabolite activity, and are therefore more susceptible to COX-1 inhibition of PGE 2 and/or increases in leukotrienes, similar to the model for AERD [49, 50] . It remains to be understood what leads to the differences in presentation between the two diseases, given the significant overlap in genes that are associated with both phenotypes.
Angiotensin-converting enzyme inhibitor (ACEi)-associated angioedema. Genetic variants associated with ACEi angioedema are typically involved in the activity of or breakdown pathways for bradykinin and substance P. Variants in the bradykinin receptor 2 and neprilysin genes have been implicated as important in patients of African descent [51, 52] . Similarly, variants in the x-linked X-prolyl aminopeptidase 2 (XPNPEP2) gene encoding the cytosolic form of aminopeptidase P, a metalloproteinase that degrades bradykinin, has been associated with ACEi angioedema in French Canadians [53] and in both white and black men, but not women, from Tennessee [54] . Variants in the protein kinase C theta (PKCθ) and ETS variant 6 (ETV6) genes have been simultaneously associated with ACEiinduced angioedema in the genetically heterogeneous populations of Nashville, TN, and Marshfield, WI [52] . None of these associations reached genome-wide significance.
Reactions involving immunological memory
Immediate/accelerated IM reactions 
Delayed immune reactions
Delayed IM-ADRs are driven by the inappropriate activation of T cells. The key proteins that mediate these immune responses are thought to be primarily HLA molecules encoded within the major histocompatibility complex (MHC) on chromosome 6. The MHC genes are the most polymorphic, with >5000 allelic variants, >2500 on HLA-B alone. The T-cell receptor (TCR) on the surface of a T cell recognizes peptides that are bound and displayed by surface HLA molecules that are expressed on various cells of the immune system. Class I MHC molecules (HLA-A, -B and -C) are expressed on all nucleated cells and are responsible for activating CD8+ cytotoxic T lymphocytes, while class II MHC molecules (HLA-DP, HLA-DQ and HLA-DR) are expressed only on professional antigen-presenting cells (B cells, macrophages and dendritic cells) and activate CD4+ helper T lymphocytes [59] . The sequences within the peptide binding groove are the most polymorphic, such that each HLA allotype presents a unique repertoire of peptides to a T cell, and inheriting one allele from each parent broadens the probability that a pathogen will be recognized and eliminated. However, the potential for the greatest diversity is reduced by the linkage disequilibrium observed within the HLA class I and class II loci. During the last decade, many strong associations between HLA molecules and the development of certain drug hypersensitivity syndromes, such as DRESS/drug-induced hypersensitivity syndrome (DIHS) and SJS/TEN, have been reported (Table 1) rs2395029 TaqMan assay to screen for ABC hypersensitivity prior to ABC prescription, as such an assay, unlike for HLA-B*57:01, would have a less than 100% negative predictive value (NPV) for immunologically confirmed ABC hypersensitivity [82] . The HLA allele found to be associated with disease susceptibility may not necessarily fully explain the immunopathogenesis of the underlying interaction, and further discovery may include genetic factors outside the MHC. In addition, some severe T-cell mediated ADRs may conform to a heterologous immunity model, whereby the drug hypersensitivity reaction represents a cross-reactive memory T-cell response between the drug and self-peptide, and a response that occurred much earlier in life to a chronic prevalent virus [78] . However, examining these very strong drug-HLA associations sheds light on the general mechanisms that are important in the development of delayed drug hypersensitivity. The three nonmutually exclusive established models for T-cell-mediated hypersensitivity include the hapten/ prohapten model, the pharmacological interactions of drugs with immune receptors (p-i) model and the altered repertoire model. These concepts have been extensively reviewed elsewhere and will be briefly discussed here. The hapten/prohapten model involves the covalent binding of a small neutral drug (hapten) or its reactive metabolite (prohapten), which is not immunogenic alone, to an endogenous protein which is then processed intracellularly and displayed on an MHC molecule as a neoantigen for recognition by a T cell and induction of an immune response [14, [83] [84] [85] [86] . This has been best characterized by penicillin derivatives and sulfamethoxazole metabolites [85, 87] .
The p-i concept proposes that a drug can bind directly to either the TCR or MHC molecule, independent of antigen processing, and stimulate T cells directly with sufficient affinity [88] . This hypothesis explains how some drugs can cause IM-ADRs after the first exposure, without prior sensitization, and the in vitro T cell reactivity that has been observed within seconds of drug exposure which is not consistent with intracellular antigen processing [89] [90] [91] [92] .
The altered peptide repertoire model is an expansion of the p-i concept and is best explained with ABC and its association with HLA-B*57:01. ABC binds noncovalently in a concentration-dependent manner to the peptide binding groove of HLA-B*57:01, specifically incorporating in the F pocket, and alters the shape and chemistry in such a way that the HLA molecule binds and displays an altered set of self-peptides that are then recognized by T cells as foreign [59, 93, 94] .
Identifying the true phenotypic drug hypersensitivity entity with specificity has proven to be key to identifying the pharmacogenomics markers associated with these syndromes [95] . The ABC example has provided a translational roadmap from the pathway of discovery of a pharmacogenetic association to clinical implementation in routine clinical care and the prevention of drug toxicity ( Figure 2 ) [95] . Early doubts about the applicability of HLA-B*57:01 routine testing were raised, based on an apparent low sensitivity in black and Hispanic populations, where allelic frequency is low [96] . The low sensitivity was, in fact, due to a high number of false-positive diagnoses in these populations and this was highlighted in ABC double-blind, randomized trials in which up to 7% of patients not receiving ABC were given the clinical diagnosis of ABC HSS or ABC hypersensitivity syndrome [82] . To overcome this problem, specificity for ABC was achieved by using the specific skin patch test, which identified those individuals with true IM ABC hypersensitivity, utilized by two distinct clinical trials looking at ABC predictability and prevention [20, 21, 81, 97, 98] . HLA-B*57:01 screening prior to ABC treatment has been widely implemented in routine clinical practice and is part of the US Food and Drug Administration (FDA) and international human immunodeficiency virus treatment guidelines.
Other hypersensitivity reactions with well-characterized class I HLA associations include CBZ-induced SJS/TEN with HLA-B*15:02 and allopurinol SJS/TEN and DRESS with HLA-B*58:01 (Table 1) . These high odds ratio, high-risk alleles have much lower positive predictive values (PPVs) (<3%) for the specific allele when compared with HLA-B*57:01 (55%) and the ABC hypersensitivity syndrome.
CBZ is an aromatic amine anticonvulsant reported to cause a spectrum of IM-ADRs, including maculopapular exanthema, DRESS and SJS/TEN. Initially reported in 2004, CBZ-induced SJS/TEN is strongly associated with HLA-B*15:02 in most Asian populations, specifically the Han Chinese, where the allelic frequency is high. In the Han Chinese population, HLA-B*15:02 was present in 100% of the SJS/TEN patients (also found in 3% of CBZ-tolerant individuals and in 8.6% of the general population) [22, 24, 31] . This association is specific to the CBZ SJS/TEN phenotype and HLA-B*15:02 has shown no association with nonblistering cutaneous reactions such as DRESS [95] . The Pharmacogenomics of off-target ADRs other aromatic amine anticonvulsants, including oxcarbamazepine, phenytoin and potentially lamotrigine, have been reported to have a weaker association with HLA-B*15:02, suggesting structural similarities of these aromatic amine anticonvulsants contributing to risk [23, 60, 61, 74] . Additional studies have confirmed this association of HLA-B*15:02 in other populations with Chinese ancestry; however, the same association was not shown in the Japanese and European populations, where the allelic frequencies of HLA-B*15:02 are <0.1% and <1%, respectively [24, [26] [27] [28] [29] 75] . HLA-A*31:01, which is present in approximately 7% of Han Chinese, 7-12% of Japanese, 5% of Koreans and 2-5% of northern European populations [allelefrequencies.net], has shown a much stronger association with DRESS in Taiwanese, Japanese and European populations than SJS/TEN, where the association between HLA-A*31:01 and CBZ SJS/TEN appears to be limited to European and Japanese populations [23, 61-63, 75, 86] . Subsequent studies of HLA-B*15:02-associated CBZ-induced SJS/TEN has demonstrated a dominant T-cell receptor clonotype [Hung and Chung, unpublished data]. This raises the hypothesis that, in some cases, the risk of severe IM-ADRs may be driven by a primary immune response to a prevalent chronic persistent pathogen which later manifests as a cross-reactive response with the drug-self-peptide [86, 99] .
Phenytoin has been associated with SCARs, including maculopapular exanthema, DRESS and SJS/TEN. A recent GWAS study across mixed ethnic populations, including Taiwan, Japan and Malaysia, identified a missense variant of the CYP2C9 gene, whose protein product is responsible for metabolizing phenytoin in the liver. The variant, identified as CYP2C9*3, was strongly associated with the development of SCARs (odds ratio 11; 95% confidence interval 6.2, 18; P < 0.0001) [73] . The CYP2C9*3 variant was associated with a 93-95% reduction in parent phenytoin clearance. However, delayed clearance was also observed in individuals without this variant allele, suggesting other contributing factors, such as hepatic or renal insufficiency or drug-drug interaction. This study also demonstrated weaker genetic associations with HLA-B alleles, including HLA-B*13:01, HLA-B*15:02
Figure 2
Chronology of the pharmacogenomics of severe immunologically mediated adverse drug reactions (ADRs). The discovery of the very strong association between abacavir (ABC) hypersensitivity and the human leukocyte antigen (HLA) B*57:01 gene (HLA-B*57:01) was the landmark that first linked drug hypersensitivity to class I-restricted, T cell-driven mechanisms [18, 19] . This discovery set in motion a translational roadmap (right frame) that involved a number of steps that were necessary to confirm the utility, safety and generalizability of HLA-B*57:01 testing, and resulted in the widespread use of HLA-B*57:01 testing as a guideline-based screening test prior to ABC prescription in routine human immunodeficiency virus clinical practice. Since the availability of sequence-based and deep sequencing methods for high-resolution typing, there has been a plethora of discoveries over the last 15 years linking severe immune-modulated ADRs with HLA class I and II alleles. Particularly with severe cutaneous adverse reactions that are CD8+ T cell dependent, such as Stevens-Johnson syndrome/toxic epidermal necrolysis (SJS/TEN), class I-restricted HLA associations have dominated. Significant insights into the immunopathogenesis of severe T-cell-mediated ADRs have been garnered from these class I-restricted reactions such as the strong association between carbamazepine SJS/TEN and HLA-B*15:02 in Southeast Asian populations, and allopurinol severe cutaneous adverse reactions (SCARs) and HLA-B*58:01. Some additional distinct examples exist, such as the importance of HLA class I/II haplotypes in the setting of amoxicillin-clavulanate (Amox-clav) drug-induced liver disease in Northern Europeans and phenotypespecific HLA associations for nevirapine hypersensitivity [77] [78] [79] [80] [114] [115] [116] . More recently, for phenytoin [the cytochrome P450 (CYP) 2C9*3 gene (CYP2C9*3) [73] and nevirapine (CYP2B6 516G > T) SCARs [115] , impaired drug metabolism appears to be an important driver. AED, antiepileptic drug; DILI, drug-induced liver disease; DRESS, drug reaction with eosinophilia and systemic symptoms; HSR, hypersensitivity reaction; MPE, maculopapular exanthema; NVP, negative predictive value; RCT, randomized controlled trial and HLA-B*51:01, suggesting that a combination of pharmacological and immunological mechanisms contribute to the development of phenytoin-related SCARs [73, 86] .
Previous work in Han Chinese has identified the HLA-B*58:01 allele as a genetic marker for SJS/TEN/DRESS induced by allopurinol, a commonly prescribed medication for gout (100% NPV and 3% PPV) [65] . The incidence of true allopurinol hypersensitivity is rare, with estimates of approximately 0.1%. Subsequent studies demonstrated this association in Thai, Korean and Japanese populations, and it has been estimated that HLA-B*58:01 is responsible for approximately 60% of allopurinol-induced ADRs in European and Japanese populations [66, 68, 69, 100, 101] . The exact mechanism by which allopurinol causes different drug hypersensitivity phenotypes remains unknown, although it has been proposed that the longer half-life metabolite of allopurinol, oxypurinol, may be small enough to bind to multiple sites on an HLA molecule and directly activate T cells, as demonstrated in vitro with rapid proliferation within seconds of exposure, suggesting processing-independent mechanisms [102, 103] . It is currently not clear how an ADR restricted to a single HLA allele can manifest in diverse clinical phenotypes for some drugs (e.g. allopurinol and HLA-B*58:01) but not others (e.g. HLA-B*15:02 and CBZ SJS/TEN but not DRESS). The low PPV of HLA-B*58:01 carriage as a predictor for the development of SJS/TEN/DRESS suggests that other contributing factors are at play [102] . It is now known that increased serum oxypurinol concentrations contribute to the development of allopurinol-induced ADRs, and these occur in a concentration-dependent manner, with increased severity of clinical phenotype [104] .
Translation of pharmacogenomic testing into clinical practice
For reactions lacking immunological memory that may have pharmacological and/or immunological mechanisms, the elucidation of pharmacogenomic associations has been important either to support pre-existing knowledge of mechanisms or to drive further discovery of the pathophysiology of these diseases. Non-IgE-mediated mast-cell activation related to drugs that interact with MrgprX2 is an example where the relationship between risk of disease and polymorphism in this receptor is currently being explored. For other diseases (e.g. AERD and NSAID-induced urticaria), there may be a greater degree of pharmacogenomic heterogeneity that precludes identification of a single risk or risk factors prior to prescription. Universally, however, the identification of genetic factors associated with these off-target ADRs has heightened understanding of the specific clinical phenotypes, as well as their pathophysiology, and has been important in the identification of biomarkers and novel therapeutic targets.
Immediate reactions associated with immunological memory, such as anaphylaxis with penicillins and other drugs, represent an additional challenge as most patient labelled as allergic do not have disease. In addition, defined immunological responses (as measured by ex vivo techniques and skin testing) are legitimately lost over time [105, 106] . It is more likely for these reactions that specific genetic risk factors will elucidate the immunopathogenesis of these reactions as well as risk-stratify patients and potentially identify those who are more likely to have experienced true immediate reactions. Genetic screening may not be beneficial as a primary screening strategy, however, due to cost and scale.
The application of genetic screening for IM-ADRs would have highest utility for those diseases which are prevalent, severe and associated with HLA markers that show a high PPV and 100% NPV, as demonstrated by the ABC example and for which a long-lasting memory response, and hence a life-long risk, to a severe IM-ADR exists. Much of the success of the implementation of HLA-B*57:01 testing in clinical practice relates to its 100% NPV, relatively high (55%) PPV and the fact that only 13 subjects need to be tested to prevent one case of immunologically confirmed hypersensitivity, making testing extremely cost-effective. Current evidence suggests that HLA-B*57:01 is necessary but not sufficient for the development of ABC hypersensitivity. It remains unclear why only 55% of HLA*B-57:01-positive individuals experience ABC hypersensitivity, when drug-specific T-cells can be identified in vitro in 100% of HLA-B*57:01-positive and in no HLA-B*57:01-negative individuals, and this may relate to genetic factors outside of the MHC [107] . For many dose-related off-target ADRs, pharmacogenomic screening and testing alone may not explain the full clinical phenotype. There is also often additional significant interindividual variation in drug exposure that may be explained by ecological factors such as disease state or organ function. Therefore, pharmacogenomic testing does not displace the need to measure drug levels or carry out therapeutic drug monitoring, giving important and independent qualitative and quantitative information to guide clinical management. Most off-target reactions, including those associated with immunological memory, are dose-and concentration dependent. The notable exception is IgE-mediated reactions, where the immune system is primed to recognize tiny amounts of antigen, which are amplified through IgE to culminate in mast-cell activation. Most research currently has focused on the pharmacogenetics of drug hypersensitivity syndromes and SJS/TEN/DRESS associated with drugs such as abacavir, nevirapine, anticonvulsants and allopurinol. Further work and collaborations are needed to determine the genetic basis of other drug reactions as well as other non-genetic contributing factors -for instance, to explain why 45% of individuals with HLA-B*57:01 would not develop abacavir hypersensitivity syndrome. Regardless of its low PPV (3%), the FDA recommends prescreening individuals of Southeast Asian ancestry before the initiation of CBZ. These examples fail to explain why not all patients with the HLA allele exposed to the drug develop hypersensitivity or why different drug-HLA allele combinations result in such different clinical syndromes, and contribute to the knowledge that genetic and ecological predictors alike contribute to drug hypersensitivity.
New mechanisms of off-target drug toxicities and future perspectives
Advances in immuno-oncology have seen promising new interventions that target the host response against the Pharmacogenomics of off-target ADRs tumour [108] . In particular, monoclonal antibodies that block immune checkpoints on T cells have significantly improved survival in metastatic melanoma, where they are now first-line therapy, and several further drugs targeting other immune checkpoints are in development. These classes of drugs are currently being studied or used in an off-label fashion in the treatment of many other solid tumours and haematological malignancies. The anti-cytotoxic Tlymphocyte antigen 4 (CTLA-4) inhibitor ipilimumab, the anti-programmed death receptor 1 (PD-1) inhibitor nivolumab, the combination of ipilimumab and nivolumab, and the anti-PD1 inhibitor pembrolizumab have been approved in the USA and Europe. Checkpoint inhibitors have been associated with a wide array of organ-specific immunerelated adverse events (irAEs), which most commonly are dermatological (usually mild rash and rarely SJS/TEN), gastrointestinal, hepatitis, endocrine (thyroiditis, pancreatitis), haematological (red cell aplasia), neurological (Guillain-Barré, aseptic meningitis), myocarditis and rheumatological [systemic lupus erythematosus (SLE), polyarthritis] syndromes [109] . The most common irAEs occur within 3-6 months of initiation of checkpoint inhibitor therapy and are mild, not treatment limiting and will respond to steroids when necessary [110] . An increasing number of severe reactions with high morbidity and mortality are now being described, particularly with the use of combination anti-CTLA-4 and anti-PD-1 therapy [111] . Interestingly, polymorphisms of CTLA-4 and PD-1 have been associated with autoimmune diseases such as autoimmune thyroiditis, coeliac disease, SLE and rheumatoid arthritis; however, typically no autoantibodies are identified in the case of checkpoint inhibitor-associated irAEs [109] . Currently, the genetic and ecological risk factors predisposing to checkpoint inhibitor-associated irAEs have not been identified. Some clues may be that specific toxicities may be more common in certain tumour types (e.g. vitiligo in melanoma). In some cases, the toxicities could represent a cross-reactive response between tissue antigens and tumour neoantigens. This is supported by superior tumour response outcomes in individuals who develop checkpoint inhibitor toxicities, and also two recent fatal cases of myocarditis where the same expanded T-cell receptor clonotype and similar spectrum of T-cell receptor clonotypes were seen in biopsies from the post-checkpoint inhibitor tumour tissue and the post-mortem heart biopsies [109, 111] . Shared or similar tumour and microbial antigens have been reported, raising the possibility that there could be a cross-reactive memory T-cell response between the tumour and microbial antigen in the tissue in question [112, 113] . It is currently unknown whether the risk of HLA-restricted drug reactions could be increased in the presence of drugs targeting immune checkpoints; however, this is an important area of future research.
Conclusions
In the future, with the identification of defined clinical phenotypes, improvements in the technology and tools defining the pharmacogenomics of off-target ADRs will become readily achievable. It is anticipated that many of these will not have direct translation into clinical practice as a primary screening strategy, but they will be critical in advancing understanding of the mechanisms of these reactions. It is further anticipated that discovery of novel HLA associations for off-target ADRs associated with immunological memory will remain prevalent and important for the translation of screening strategies into clinical practice. Further research into the immunopathogenesis of ADRs associated with immunological memory is necessary to improve our understanding of the molecular interactions between drugs, HLA molecules and the TCR. This will be critical to advancing our understanding as to why only a small proportion of patients carrying a specific HLA risk allele will develop an IM-ADR. Ultimately, this progress will guide the development of preclinical screening programmes to enable safer, more efficient and cost-effective drug design.
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